Abstract. High dosages of intra-operative remifentanil are associated with opioid-induced hyperalgesia (OIH). The aim of the present study was to investigate the effect of combined dexmedetomidine and flurbiprofen axetil treatment on remifentanil-induced hyperalgesia. Patients with an American Society of Anesthesiologists physical status of I-II who were diagnosed with hysteromyoma and scheduled for laparoscopic assisted vaginal hysterectomy (LAVH) were randomly divided into three groups. Group hyperalgesia (Group H, n=29) received intra-operative remifentanil, Group hyperalgesia and dexmedetomidine (Group HD, n=28) received remifentanil and a continuous infusion of dexmedetomidine, and Group hyperalgesia, dexmedetomidine and flurbiprofen axetil (Group HDF, n=29) received remifentanil, flurbiprofen axetil and dexmedetomidine. Mechanical pain thresholds were measured during the preoperative visit and postoperatively at 1, 6 and 24-h time points. Visual analog scale (VAS) scores, time to analgesic requirement, total sufentanil consumption and side effects were assessed postoperatively. Mechanical pain threshold at the incision site was significantly lower in Group H compared with Groups HD and HDF (both P<0.05), and significantly higher in Group HDF than in Group HD (P<0.05). The area of secondary hyperalgesia at the incision site was greater in Group H than in the other two groups (both P<0.05), and significantly smaller in Group HDF compared with Group HD (P<0.05). VAS scores and total sufentanil consumption were significantly higher in Group H compared with the other two groups (both P<0.05), and were significantly lower in Group HDF compared with Group HD (P<0.05). Dexmedetomidine combined with flurbiprofen axetil exhibits synergetic effects in the prevention of remifentanil-induced hyperalgesia in patients undergoing LAVH.
Introduction
It has been well-documented that opioid-induced hyperalgesia (OIH) is a potential risk factor for the development of chronic pain following surgery based on the results from basic and clinical studies (1) (2) (3) (4) . Many patients undergoing surgery experience moderate to severe acute postoperative pain possibly caused by OIH in addition to inflammatory and neuropathic pain (1) . OIH is defined as a state of nociceptive sensitization characterized by a paradoxical response, in which a patient receiving opioids to treat pain might have an increased sensitivity to painful stimuli (2) . In a systematic review and meta-analysis, Fletcher and Martinez concluded that exposure to a high dose of short-acting remifentanil was associated with the development of hyperalgesia and led to significantly increased acute pain after surgery (3) .
Although OIH is generally caused by neuroplastic changes in the peripheral and central nervous system, the precise molecular mechanism of OIH is not well understood (4) . A cellular mechanism involving the rapid and prolonged upregulation of N-methyl-D-aspartate (NMDA) receptor function by remifentanil has been reported to contribute to the clinical development of remifentanil-induced hyperalgesia (5) . Modulation of acute OIH has been reported with NMDA receptor antagonists, α 2 agonists and cyclooxygenase (COX) inhibitors in clinical studies, as previously reviewed (6) . Data from basic research have shown that dexmedetomidine produces antihyperalgesic effects by inhibiting the phosphorylation of NMDA receptor subunit 2B (NR2B), and that increased tyrosine phosphorylation of NR2B in the spinal cord is associated with remifentanil-induced postoperative hyperalgesia (7) .
Another proposed mechanism for the regulation of NMDA receptor function involves COX inhibitors. COX inhibitors have been found to antagonize the NMDA receptor, inhibit the synthesis of prostaglandin (PGs), and thereby reduce the production of inflammatory mediators and decrease peripheral sensitization (8) . PGs have been shown to stimulate the release of the excitatory amino acid glutamate in spinal cord dorsal horns (9) and promote NMDA receptor activation (10) , which is one of the main mechanisms of remifentanil-induced hyperalgesia (11) . In summary, the mechanisms of both α 2 adrenergic receptor agonists and COX inhibitors in preventing OIH probably involve the regulation of NMDA receptors.
Thus, the present study examined the hypothesis that α 2 adrenergic receptor agonists and COX inhibitors would have synergetic effects on preventing the hyperalgesia induced by high-dose remifentanil in patients. This study aimed to compare the effect of using dexmedetomidine alone or combined with flurbiprofen axetil in reducing the hyperalgesic response after high-dose infusion of remifentanil in patients undergoing laparoscopic-assisted vaginal hysterectomy (LAVH).
Materials and methods
Study subjects. This study was approved by the Ethics Committee of Fujian Provincial Hospital (Fujian, China) and registered (ChiCTR-TRC-14004837) at Chictr.org. After written informed consent was obtained, 95 adult women aged from 18 to 60 years, with American Society of Anesthesiologists physical status I or II, who were diagnosed with hysteromyoma and underwent elective LAVH were enrolled in this study. Patients who met the inclusion criteria (n=90) were randomly divided into three groups (each n=30) using a computer-generated random number table. The exclusion criteria included narcotic analgesic abuse, opioid-related medication, morbid obesity, contradictory to patient-controlled intravenous analgesia (PCIA), allergy to dexmedetomidine or flurbiprofen axetil and significant psychiatric conditions. A day before surgery, all patients were instructed about the use of a 100-mm linear visual analog scale (VAS) and patient-controlled analgesia (PCA) device (Apollo Science Instrument Co., Ltd., Jiangsu, China). They were instructed to perform a self-delivered analgesia procedure once they felt pain. The quantitative sensory testing (QST) procedure using an Electronic von Frey (EVF) device (IITC Life Science Inc., Woodland Hills, CA, USA) was carefully explained in detail by an anesthesiologist who was not aware of the grouping.
Intervention protocols. Patients were sedated with midazolam (2-3 mg) upon arrival at the operating room and standard monitoring and bispectral index (BIS) monitoring (BIS Vista; Medtronic, Minneapolis, MN, USA) were performed. At 15 min prior to anesthesia induction, the hyperalgesia and dexmedetomidine group (Group HD) were given a continuous infusion of dexmedetomidine (Hengrui Pharmaceutical Co., Ltd., Lianyungang, China) as an initial dose of 0.5 µg/kg within 10 min, followed by a continuous infusion of 0.6 µg/kg/h, and the hyperalgesia, dexmedetomidine and flurbiprofen axetil group (Group HDF) received flurbiprofen axetil (1.5 mg/kg; Tide Pharmaceutical Co., Ltd., Beijing, China) 10 min before anesthesia induction in combination with dexmedetomidine infusion. The remaining patients constituted the hyperalgesia group (Group H). Anesthesia was induced with an inhalation agent. The anesthetic circuit of the ventilator was prefilled with 7% sevoflurane (Maruishi Pharmaceutical Co., Ltd., Chuoku, Japan) in 7 l/min oxygen for 3 min. Induction was then performed with the vital capacity rapid inhalation induction technique. Following a deep exhalation to the residual volume, patients were asked to take a forced inspiration, to hold it as long as possible and then to breathe spontaneously or with assisted ventilation. At 2 min after the beginning of induction, fresh gas flow was reduced to 4 l/min and sevoflurane was set to a rate of 3%. Remifentanil (1 µg/kg; Humanwell Pharmaceutical Co., Ltd., Yichang, China) was then administered over 1 min followed by an infusion of 0.5 µg/kg/min. When the BIS value was <50, rocuronium (0.9 mg/kg; NV Organon, Oss, The Netherlands) was administered intravenously to facilitate intubation. After tracheal intubation, anesthesia was maintained with intravenous remifentanil infusion at 0.3 µg/kg/min and sevoflurane inhalation. The concentration of sevoflurane was adjusted (0.5% stepwise titration) according to the target BIS between 40 and 60. The continuous infusion of dexmedetomidine in Groups HD and HDF was terminated at 30 min prior to the end of surgery, while the remifentanil infusion in all groups was continued until the final stitch. If hypotension (mean arterial pressure, <60 mm Hg) or bradycardia (heart rate, <45 beats/min) occurred more than 5 min after fluid resuscitation, the patient was treated with 10 mg ephedrine or 0.5 mg atropine. For prophylaxis of postoperative nausea and vomiting (PONV), 4 mg ondansetron (Tianheng Pharmaceutical Co., Ltd., Ningbo, China) was given intravenously 15 min before the end of surgery. Upon completion of surgery, neuromuscular blockade was reversed with 1 mg neostigmine and 0.5 mg atropine intravenously. After the recovery of adequate spontaneous ventilation and a response to verbal commands such as eye opening, extubation was performed. A PCIA pump was applied to all patients when the surgery was completed. The PCIA pump contained sufentanil (150 µg; Humanwell Pharmaceutical Co., Ltd.), ondansetron (8 mg) and normal saline in a total volume of 100 ml, and was set to deliver a 2-ml bolus dose with a 10-min lockout interval with a background infusion of 1 ml/h. The patients were transferred to the post-anesthesia care unit, where the VAS pain scores at 30 min and 1 h after surgery were evaluated and the mechanical pain threshold was recorded at 1 h after surgery. If the patient sought more extensive pain control or if the VAS score was >6, sufentanil 5 µg was administered as a rescue dose.
Outcome measurements. Primary outcomes were the mechanical pain threshold and the area of secondary hyperalgesia at 24 h after surgery. The mechanical pain threshold was determined using an EVF device (rigid tips) on the midpoint of the inner forearm, 2 cm above the level of the umbilicus (preoperative) and 2 cm from the incision site (around the umbilicus, postoperative) at four points (horizontally and perpendicularly). The rigid tip of the probe was pressed at a right angle and force exerted against the testing area within the patient's tolerance. The probe was removed when the patient perceived pain, and the compact system automatically stored and displayed the testing results. The area of secondary hyperalgesia was tested with the rigid tip around the surgical incision. It was determined by testing along linear paths, quadrilaterally at a distance of 5 cm around the incision at 24 h after surgery. Along linear paths, stimulation attempts started at 5 cm from the incision site and gradually moved toward the site, moving 0.5 cm closer each time. Each attempt was applied with increasing force until a readout value of ~30 g was reached (30 g was defined as the hyperalgesic pain threshold) and stopped when the patient perceived pain. The stimulation was stopped 1 cm from the incision if no change in sensation occurred. The distance from the incision to where sensations changed was measured, and an average of four assessments was calculated and used for statistical comparisons. The hyperalgesic area (A) was calculated using the formula: A=πr 2 , where r was the average distance to the site. The secondary outcomes included time to first analgesic requirement, postoperative analgesic consumption, VAS pain score, and incidence of associated side effects including PONV, hypotension, bradycardia and post-anesthetic shivering. General assessments include demographic characteristics (age, weight and height), awakening and extubation time (defined as time from remifentanil discontinuation to patients' responses to a verbal command and extubation, respectively), dose of remifentanil, volume of sevoflurane and duration of anesthesia and surgical procedure.
Statistical analysis. All data were processed using Statistical Package for Social Sciences (SPSS) software, version 20.0 (IBM SPSS, Armonk, NY, USA). The normality of distribution for each variable was verified using the Shapiro-Wilk test. Numeric variables were described as the mean ± standard deviation or median (interquartile range, IQR) while categorical variables were expressed as number (percentage, %). The demographic characteristics, surgery-related information and time to first analgesic requirement were analyzed using one-way analysis of variance, with post hoc Bonferroni corrections. Two-way repeated measures analysis of variance followed by post hoc Bonferroni corrections was used to analyze the difference between the treatments at different time points. For analgesic-related adverse effects, differences between groups were compared with Chi-square or Fisher's exact test, and pairwise Kruskal-Wallis H test was used to further analyze the deviation between groups. P<0.05 was considered to indicate a statistically significant difference. Power calculation indicated that to yield a power of 80% with a significance level of 5% based on the 20% reduction in hyperalgesic area from a preliminary experiment, there should be ≥26 subjects in each group.
Results

Recruitment and clinical characteristics of patients in the three groups.
Of the 95 recruited participants, 5 patients were declined during eligibility assessments for not meeting the inclusion criteria. A total of 90 patients were considered eligible and received study medication following randomization. Four of the 90 patients initially enrolled were withdrawn because of conversion to open surgery. The remaining 86 patients completed the study and were included in the statistical analysis (Fig. 1 ). There were no significant differences in age, weight, height, duration of anesthesia and surgery, awakening time, extubation time and remifentanil consumption among the three groups (Table I ). The mean volume (%) of sevoflurane was significantly lower in Group HD and Group HDF compared with Group H (both P<0.05 vs. Group H; Table I ).
Per-incisional mechanical pain threshold around the umbilicus and postoperative pain score measured using a VAS. The mechanical pain threshold at the midpoint of the inner forearm was not significantly different among the three groups at the preoperative and 1, 6 and 24 h postoperative time points, respectively (data not shown). Mechanical pain threshold at the incision site was not significantly different among the three groups preoperatively, but was significantly lower at 1, 6 and 24 h postoperative time points in Group H compared with those in the other two groups (all P<0.05; Fig. 2) . Furthermore, the mechanical pain threshold in Group HDF at the three postoperative time points were all significantly higher compared with those of Group HD (all P<0.05; Fig. 2) .
VAS scores at 30 min, and 1, 6, 12 and 24 h were higher in Group H than in the other two groups (P<0.05; Fig. 3 ). In addition, VAS scores at above time points were significantly lower in Group HDF than in the other two groups (all P<0.05; Fig. 3 ).
Perioperative anesthetic parameters and perioperative anesthetic-related adverse events within 24 h after surgery. The time to first analgesic requirement was significantly shorter in Group H compared with the other two groups (both P<0.05), and it was significantly longer in Group HDF compared with Group HD (P<0.05; Table II ). The area of secondary hyperalgesia around the incision site at 24 h after surgery was greater in Group H than in the other two groups (both P<0.05), and it was significantly smaller at 24 h after the surgery in Group HDF than in Group HD (P<0.05; Table II ). The total sufentanil consumption was significantly higher in Group H at all time points than those in other two groups (all P<0.05) and significantly lower in Group HDF at these time points compared with those of Group HD (all P<0.05; Table II ).
The incidence of hypotension and bradycardia was significantly higher in Group HD when compared with Group H (both P<0.05). Post-anesthetic shivering was significantly higher in Group H than in Group HD and Group HDF (both P<0.05). The incidence of PONV was significantly lower in Group HD than in Group H (P<0.05; Table III) .
Discussion
In the present study, the effects of combined dexmedetomidine and flurbiprofen axetil treatment on remifentanil-induced hyperalgesia in patients undergoing LAVH were investigated. It was found that dexmedetomidine had protective effects against remifentanil-induced hyperalgesia, and the combination of dexmedetomidine and flurbiprofen axetil had a synergetic effect in preventing the hyperalgesia induced by a high dose of remifentanil in patients undergoing LAVH. This conclusion was reached on the basis of the results obtained from the present study that a relatively large dose of intra-operative remifentanil induced postoperative hyperalgesia, which is revealed as a reduction of the postoperative peri-incisional mechanical pain threshold, an extension of secondary hyperalgesia, enhanced pain intensity, a shorter time to first postoperative analgesic requirement and high sufentanil consumption. Compared with patients in group H, the patients in Group HD had a greater peri-incisional mechanical pain threshold, reduced area of secondary hyperalgesia, and lower VAS scores and sufentanil consumption. Furthermore, the mechanical pain threshold was much higher and the area of secondary hyperalgesia was much smaller in Group HDF compared with Group HD. In addition, VAS scores were significantly lower and sufentanil consumption was significantly less in Group HDF compared with Group HD.
Dexmedetomidine is a highly selective α 2 adrenergic receptor agonist, acting on the central and peripheral nervous system, which possesses hypnotic, sedative, anxiolytic, sympatholytic, analgesic and antihyperalgesic characteristics (12) . Studies have shown that dexmedetomidine produces an antihyperalgesic effect by suppressing the phosphorylation of the NR2B subunit of the NMDA receptor (7) and increased tyrosine phosphorylation of NR2B in the spinal cord is associated with remifentanil-induced postoperative hyperalgesia (13) . Dexmedetomidine also selectively inhibits excitatory postsynaptic potential via NMDA receptors, and inhibits synaptic transmission mediated by primary afferent A and C fibers to produce an antinociceptive effect (14) . Moreover, dexmedetomidine has been shown to decrease hyperalgesia in neuropathic pain by increasing acetylcholine levels in the spinal cord (15) and suppressing glial cell proliferation of the spinal cord (16) , which has been considered to amplify pain signals and activate the adjacent nerve cells involved in peripheral and central sensitization (17) . A clinical study conducted by Lee et al (18) showed that dexmedetomidine administration reduced the hyperalgesia induced by high doses of remifentanil, and the findings of the present study are consistent with this. Dexmedetomidine was given at an initial dose of 0.5 µg/kg within 10 min prior to the induction of anesthesia, followed by a continuous infusion of 0.6 µg/kg/h in the current study, instead of an initial dose of 1 µg/kg within 10 min, followed by a continuous infusion of 0.7 µg/kg/h, which was a much higher dose. Furthermore, in the present study, sevoflurane was used as an induction agent instead of propofol, which has been reported to reduce OIH (19) . Using the aforementioned optimized protocol, it was found that the relatively low dose of dexmedetomidine used in the present study was effective in reducing remifentanil-induced hyperalgesia, while a lower dose may reduce the incidence of the side effects such as bradycardia and hypotension. Therefore, a low dosage of dexmedetomidine could be a potential choice for physicians to use in their clinical practice to reduce the side effects and increase the tolerance of patients.
There have been many proposed mechanisms for OIH. Each type of inhibitor blocks only one of the several mechanisms involved in OIH and single drug administration may not be sufficient to effectively prevent hyperalgesia development. Based on this rational, a combination of dexmedetomidine and flurbiprofen axetil treatment was used in patients undergoing surgery in the present study, and it was found that the combination treatment had a synergetic effect in the prevention of remifentanil-induced hyperalgesia, supporting this hypothesis. Flurbiprofen axetil is a non-selective COX inhibitor carried in lipid microspheres, which has analgesic and anti-hyperalgesic effects through blocking spinal PG synthesis. Flurbiprofen axetil formulated in emulsified lipid microspheres has demonstrated a high affinity for inflammatory tissues to achieve targeted drug therapy and prolonged duration of action (20) . PGs directly sensitize the spinal nociceptive system by depolarizing deep spinal cord dorsal horn neurons (21) . Excessive release of excitatory amino acids has been reported to be associated with opioid-induced hyperalgesia (22) and PGs are able to stimulate the release of excitatory amino acid glutamate in spinal cord dorsal horns. Moreover, activation of NMDA receptors has found to be associated with the elevated COX-2 expression in the spinal dorsal horn upon the initiation of nociceptive stimulation (23) . Therefore, inhibition of PG production would be expected to block opioid-induced hyperalgesia. Based on these previous findings, it may be proposed that flurbiprofen axetil exerted its relieving effects on remifentanil-induced postoperative hyperalgesia by reducing the synthesis and release of PG and inhibiting the activation of NMDA receptors by excitatory amino acids. A crossover study of healthy subjects suggested that both COX-1 and COX-2 inhibitors, but particularly COX-2 inhibitor, can relieve pinprick hyperalgesia (24) . COX inhibitors are able to attenuate opioid-induced tolerance, hyperalgesia and dependence (25) (26) (27) . To the best of our knowledge, the present study is the first to report that there was a notably decreased hyperalgesic area, a predicting factor for the development of chronic postsurgical pain (28) , in hyperalgesic patients treated with dexmedetomidine and flurbiprofen axetil. Therefore, this study has not only demonstrated for the first time the effect of flurbiprofen axetil in decreasing the hyperalgesic area, but has also suggested a possible pathway through which hyperalgesia could be prevented.
The QST protocol was established by the German Network on Neuropathic Pain to investigate the somatosensory thresholds in healthy subjects and in patients with neuropathic pain (29) . However, most studies have used indirect evidence, such as greater postoperative pain and analgesic consumption for evaluating OIH, which might be less sensitive and objective than QST. Previous studies of hyperalgesia have used QST performed with traditional von Frey Monofilaments (VFMs) (11, 18, 30) . In the present study, an EVF device was used for quantitative sensory testing to explore mechanical hyperalgesia, which is more reliable and rapid than traditional VFM in exploring mechanical pain thresholds (31) . Using this methodology, it was found that the incidence of hypotension and bradycardia in Group HD and Group HDF was higher than that in Group H. Therefore, dexmedetomidine combined with a high dose of remifentanil should be used with caution. Furthermore, it is important to determine an optimized infusion rate of dexmedetomidine that could maximize the anesthetic and analgesic-sparing effect, while minimizing the incidence of adverse cardiovascular side effects.
Dexmedetomidine also showed a significant antiemetic effect, which could be explained by the direct antiemetic effect of α 2 adrenergic receptor agonists due to a decreased level of catecholamine and/or its opioid-sparing effect. In this study, it was found that post-anesthetic shivering was associated with high-dose remifentanil and could be prevented by dexmedetomidine. The anti-shivering action of dexmedetomidine results from reduced vasoconstriction and an increase in the shivering threshold (32) . A previous study has demonstrated that parecoxib administered 30 min prior to the induction of anesthesia effectively reduced the incidence and severity of remifentanil-induced shivering (33) . However, whether flurbiprofen axetil has a protective effect against post-anesthetic shivering requires further investigation.
There were several limitations in this study. First, the effect of flurbiprofen axetil alone on the prevention of OIH requires further investigation. Secondly, the usage of a background infusion might decrease the sensitivity to sufentanil consumed during the observation period. However, since the dosage of sufentanil was only 1.5 µg/h, the impact should be minimal. Finally, it would also be interesting to study the synergetic effect of combined dexmedetomidine and flurbiprofen axetil treatment in patients receiving major open surgery.
In summary, high doses of intra-operative remifentanil are associated with postoperative hyperalgesia, which is efficiently alleviated or even prevented by dexmedetomidine or co-administration of flurbiprofen axetil. This synergetic effect could also help to reduce the usage of remifentanil during surgery to further prevent its excessive use resulting in OIH. Flurbiprofen axetil (COX inhibitor) decreased the secondary hyperalgesia that may contribute to the development of chronic pain. Therefore, the use of a combination of dexmedetomidine and COX inhibitor as an adjunctive agent to propofol-remifentanil-based general anesthesia might be a promising method for preventing or attenuating OIH.
